ABSTRACT Two Þeld experiments were conducted in 1995Ð1996 to determine if there are common yield responses among maize hybrids to larval western corn rootworm, Diabrotica virgifera virgifera LeConte injury. Three yellow dent hybrids, Þve white food grade dent hybrids, and a popcorn hybrid were included in the study. The minimum level of rootworm injury as measured by root damage ratings (3.2Ð 4.2) that signiÞcantly reduced yield was similar across the hybrids included in the study. However, the pattern of yield response to different rootworm injury levels varied among hybrids. This suggests that maize hybrids may inherently differ in their ability to tolerate rootworm injury and partition biomass in response to injury and other stresses. The complex interaction among hybrid, level of injury, and other stresses suggests that a common western corn rootworm injuryÐ yield relationship may not exist within maize.
THE WESTERN CORN rootworm, Diabrotica virgifera virgifera LeConte, is an economically important insect pest of maize in the United States (Levine and Oloumi-Sadeghi 1991) . Costs associated with managing corn rootworms in continuous maize are annually one of the largest expenditures for insect management in the Corn Belt (Metcalf 1986 , Steffey et al. 1994 . Larvae feed on root hairs and cortical tissue (Chiang 1973, Riedell and Kim 1990) and tunnel inside roots (Branson 1986 , Riedell 1990 , which can lead to root pruning (Palmer and Kommedahl 1969) and grain yield reduction (Turpin et al. 1972 , Apple et al. 1977 , Spike and Tollefson 1991 , Godfrey et al. 1993a , Gray and Steffey 1998 . Yield responses of maize to infestations of western corn rootworm larvae have been shown to vary under different environmental conditions and with severity of damage (Chiang et al. 1980 , Spike and Tollefson 1991 , Riedell et al. 1992 , Gray and Steffey 1998 . Low to moderate levels of injury may result in no yield loss or actually increase yield (Riedell et al. 1992) , whereas severe damage has been shown to cause yield reductions of 40 Ð50% (Chiang et al. 1980 , Godfrey et al. 1993a .
A relationship between root injury and yield loss was established by Turpin et al. (1972) and has been modiÞed in subsequent studies (Stamm et al. 1985 , Mayo 1986 , Sutter et al. 1990 , Davis 1994 , Gray and Steffey 1998 . Root damage scales based on levels of larval injury (i.e., Mayo 1986) at the end of the larval period have been used as economic injury indices. A root rating of 3.0 (Mayo 1986 ) on a 1Ð 6 scale (Hills and Peters 1971) has been commonly used by researchers and industry as an index of the level of root injury that potentially could lead to economic yield loss. However, results of some studies indicate that economic loss may not occur under certain conditions until root injury ratings are much greater than 3.0 (Sutter et al. 1990 , Gray et al. 1993 , Davis 1994 . Gray and Steffey (1998) in a recent study found that hybrid characteristics and environmental conditions greatly inßuence the level of root injury needed to cause economic loss. They provided examples of the dynamic nature of yield response to rootworm injury and reported that root injury ratings lower than 3.0 under certain conditions can result in economic yield loss.
The search for sources of resistance to corn rootworm that can be used in traditional breeding programs or incorporated into transgenic plants is currently a priority research area (Moellenbeck et al. 1995) . Historically, tolerance associated with size of the root system (Ortman et al. 1968 , Branson 1986 or regrowth of roots after rootworm injury (Riedell 1989) has been the predominate resistance mechanism found in maize hybrids. Riedell and Evenson (1993) evaluated larval feeding tolerance of singlecross maize hybrids representing three successive 10-yr eras. Genotypes did not exhibit antibiosis to western corn rootworm larvae, but vertical root pull resistance values for 1980 and 1970-era genotypes were signiÞcantly greater than those for 1960-era genotypes. Even when 1980-era genotypes had higher grain yield than 1970 and 1960-era genotypes at different levels of infestation, tolerance had not eliminated grain yield loss to rootworm larvae at low and moderate plant densities (Riedell and Evenson 1993) . Godfrey et al. (1993a) found that Pioneer hybrid 3377 compensated by increasing vegetative tissue biomass (leaf, stem, and root) in response to larval injury, which appeared to be at the expense of reproductive tissue biomass and yield. Gray and Steffey (1998) reported a variety of root regrowth and yield patterns of maize hybrids that were subjected to rootworm injury. Some hybrids followed the response pattern reported by Godfrey et al. (1993a) and others did not.
A greater understanding of maize yield responses to rootworm injury and potential compensatory mechanisms may open new avenues for plant breeders to exploit when designing pest resistant plants (Trumble et al. 1993 ) and also may help to improve economic injury levels, predictive models of pest interactions, and the design of alternative control strategies (Godfrey et al. 1993b) . Experiments conducted to study yield responses of maize to rootworm injury have only focused on yellow dent hybrids. Little information on this response variable is available for different types of maize (e.g., white dent hybrids and popcorn). Food grade maize (especially white dent) is becoming more important for United States producers and is a staple in other parts of the world where the western corn rootworm is a pest. Therefore, the two objectives of this study were as follows: (1) to characterize yield responses of yellow dent hybrids, white dent hybrids, and a popcorn hybrid after larval injury occurs, and (2) determine if relative yield responses to larval western corn rootworm injury are similar among hybrids.
Materials and Methods
This study was conducted at the University of Nebraska Agricultural Research and Development Center near Mead, NE. Three yellow dent hybrids (Pioneer 3346, 3394, and 3377), a white dent hybrid (Noble Bear 742W), and a popcorn hybrid (Purdue 612) were included in experiment 1. Four white dent hybrids (Pioneer 3281W, 3287W; Noble Bear 739W, 749W) and a yellow dent hybrid (Pioneer 3377) were included in experiment 2. Pioneer 3377 was included as a historical standard (1980s era hybrid). A split-plot design with four replications was used. Hybrids were the whole plots and rootworm infestation levels were the subplots (experiment 1: 0 and 1,000 eggs per 30.5 cm row; experiment 2: 0, 200, 500, and 1,000 eggs per 30.5 cm row). Whole plots (each 6.1 m long) consisted of four rows in experiment 1 and eight rows in experiment 2 separated by two border rows. Each subplot was two rows. Maize plots were established where soybeans had been grown the previous year in a Sharpsburg silty clay loam soil. Experiment 1 was planted on 18 May 1995 and 20 May 1996; experiment 2 was planted on 18 May 1995 and 17 May 1996. The seeding rate was 60,500 kernels per hectare in rows spaced 0.76 m apart. Standard weed and fertilizer programs were used each year. Plots were spring disked and harrowed before planting. Daily air temperature, rainfall, and water applied by irrigation were recorded during each experiment.
Western corn rootworm eggs (Dixon County, NE, population, eggs from Þeld collected adults) were suspended in a 0.125% concentration of agar-water, and infested after planting at the two-to three-leaf growth stage, using a modiÞcation of the techniques described by Sutter and Branson (1986) . To estimate rootworm age structure, samples of soil cubes (15.2 cm 3 ) each surrounding a maize plant were periodically taken and were processed using the method of Bergman et al. (1981) . Larvae within roots were recovered by suspending each root system over a container of water and forcing larvae to move from roots with heat. In experiment 1, samples were taken on Þve dates during 1995 (26 JuneÐ11 July period), and on six dates during 1996 (25 JuneÐ15 July period). In experiment 2, samples were taken on four dates in 1995 (29 JuneÐ17 July period), and on six dates in 1996 (15 JuneÐ12 July period). To evaluate root damage, samples were taken during the peak damage period (experiment 1: 11 July 1995 and 15 July 1996; experiment 2: 17 July 1995 and 12 July 1996) when most larvae were third instars. Root damage was evaluated using a 1Ð 6 rating scale (Hills and Peters 1971) . In experiment 1, two plants in 1995 and one plant in 1996 were sampled per treatment per replication. In experiment 2, one plant was sampled per treatment per replication in both years. Adult emergence also was used as an indicator of the magnitude of larval infestation. Emergence cages (Hein et al. 1985) were placed in plots before the start of adult emergence. One cage was placed in each treatment subplot per replication.
Yield. Maize was harvested on 16 October 1995 and 12 October 1996. Bulk yields were measured by weighing the shelled dry grain production from a 3-m row section per treatment per replication. Within year and experiment, the number of plants harvested per 3-m row was not signiÞcantly different among treatments. The number and weight of kernels per ear also was recorded from four plants in 0 and 1,000 egg treatments per replication in experiment 1 and experiment 2 (1995 only, labor constraints prevented data collection in 1996).
Statistical Analysis. Yield response variables were analyzed each year with the MIXED procedure (SAS Institute 1985) in accordance with statistical model (split-plot design) and factorial treatment design. Fisher protected least signiÞcant difference (LSD) test was used to determine signiÞcant differences among treatment means. Regression analyses were used to quantify the relationship between larvae per treatment and yield in experiment 2. A signiÞcance level of P Ͻ 0.05 was used for all experiments.
Results
Environmental Conditions. Average temperatures and rainfall for the research site in 1995 and 1996 are presented in Table 1 . In general, both years were colder and dryer than the average over the previous 18 yr. In each year, rainfall was greater in May and lower from June to September (especially 1995) than the long-term average.
Rootworm Population Dynamics and Larval Injury.
Across hybrids, larval densities (ϮSE) averaged 13.9 Ϯ 1.7, 9.6 Ϯ 1.3, (experiment 1, 1995 and 1996, respectively) 11.8 Ϯ 1.2, and 10.9 Ϯ 1.4 (experiment 2, 1995 and 1996, respectively) per 15.2 cm soil cube for the 1,000 eggs per cm row treatment and 0.4 Ϯ 1.7, 0.0 Ϯ 1.3, (experiment 1, 1995 and 1996, respectively) 0.6 Ϯ 1.2, and 0.0 Ϯ 1.4 (experiment 2, 1995 and 1996, respectively) per soil cube in uninfested plots. Rootworm injury was signiÞcantly greater in infested than noninfested plants in each experiment each year (Urṍas-Ló pez et al. 2000), but the level of injury, resulting from the highest infestation level was only above the commonly used economic injury index (3.0 root damage rating, Mayo 1986) during 1 yr for each experiment (root damage ratings across hybrids, 1,000 eggs per 30.5 cm row infestation level and uninfested, respectively: experiment 1, 1995: 2.9 Ϯ 0.1, 1.0 Ϯ 0.1; 1996: 3.9 Ϯ 0.1, 1.0 Ϯ 0.1; experiment 2, 1995: 3.4 Ϯ 0.2, 1.3 Ϯ 0.2; 1996: 2.9 Ϯ 0.1, 1.2 Ϯ 0.1).
Grain Yield, Experiment 1. Across hybrids, bulk yield of noninfested plants was signiÞcantly greater than infested plants in 1996 (F ϭ 15.79; df ϭ 1, 15; P Ͻ 0.01), but not in 1995 ( Table 2 ). The number of kernels per ear from a four plant subsample was signiÞcantly greater in noninfested than infested plants across hybrids in 1995 (F ϭ 8.40; df ϭ 1, 15; P Ͻ 0.05) but not in 1996 (Table 2 ). The weight per kernel was not signiÞcantly different between infested and noninfested plants across hybrids in either year.
In both years there were signiÞcant differences in bulk yield (1995: F ϭ 35.16; df ϭ 4, 12; P Ͻ 0.01; 1996: F ϭ 35.16; df ϭ 1, 12; P Ͻ 0.01), and kernels per ear (1995: F ϭ 8.40; df ϭ 4, 12; P Ͻ 0.05; 1996: F ϭ 4.39; df ϭ 4, 12; P Ͻ 0.05) among hybrids ( Table 3 ). The interaction between hybrid and rootworm injury signiÞ-cantly affected bulk yield in 1996 (F ϭ 3.22; df ϭ 4, 15; P Ͻ 0.05) but not in 1995. In 1996, bulk yield was signiÞcantly greater in noninfested than infested plants for Pioneer 3394, Noble Bear 742W, and Pioneer 3377, but no yield differences occurred between rootworm treatments for Purdue 612 or Pioneer 3346 (Table 4) .
Grain Yield, Experiment 2. Across hybrids, yield differences among levels of infestation were signiÞ-cant in 1995 (F ϭ 2.12; df ϭ 3, 45; P Ͻ 0.05), but not in 1996. In 1995, yield of plants infested with 500 and 1000 eggs per 30.5 cm row was signiÞcantly less than noninfested plants or plants infested with 200 eggs per 30.5 cm row (Table 5) . Across hybrids, the number of kernels per ear from a four plant subsample was signiÞcantly greater in noninfested plants than plants with the greatest injury in 1995 (F ϭ 6.64; df ϭ 1, 15; P Ͻ 0.05) ( Table 5 ). In 1995, the weight per kernel was not signiÞcantly different among infestation levels across hybrids.
In both years, there were no signiÞcant differences in bulk yield and kernels per ear among hybrids. The interaction between hybrid and rootworm injury signiÞcantly affected bulk yield in 1995 (F ϭ 2.12; df ϭ 12, 45; P Ͻ 0.05). Different yield response patterns were apparent among some hybrids. Noble Bear 739W exhibited a signiÞcant linear yield response to different larval population levels [P ϭ 0.013, R 2 ϭ 0.974, y ϭ 2.054 ϩ (Ϫ0.0497) x]. As the number of larvae per plant increased the yield decreased ( ]. An overcompensatory trend was apparent in that yield increased at the lowest infestatation level and then declined at greater infestation levels (Table 6 ). Pioneer 3377 exhibited a similar overcompensatory pattern but the cubic relationship was not signiÞcant. Pioneer 3287 and 3281 did not exhibit a signiÞcant yield response to the infestation levels in experiment 2 (yield was similar across infestation levels, Table 6 ).
Discussion
In both experiments, yield response to larval injury was different in each year. This may have been primarily because of the level of rootworm injury that was present in 1995 versus 1996. In experiment 1 (1995) and experiment 2 (1996) the maximum larval injury resulted only in feeding scars and minor root pruning on most plants without signiÞcant yield loss. The mean root damage rating across hybrids was 2.9 Ϯ 0.1, which is near the minimum root injury index (2.50 Ð2.75) that has been reported to cause economic yield loss in yellow dent hybrids (e.g., Turpin et al. 1972 , Stamm et al. 1985 , Gray and Steffey 1998 . In experiment 2 (1995: mean root rating 3.4 Ϯ 0.2) and experiment 1 (1996: mean root rating 3.9 Ϯ 0.1), root injury resulted in the equivalent of one node of roots pruned to near the base of the root on some plants and was associated with a 12.2 and 9.7% yield reduction, respectively, across hybrids. Data indicate that the minimum level of injury needed to signiÞcantly reduce yield in white maize hybrids was similar to that reported by Mayo (1986) for yellow hybrids. Mean root damage ratings Ͻ3.0 did not signiÞcantly affect yield but ratings between 3.3 and 4.0 resulted in yield loss. This is not surprising because white and yellow maize are closely related; both belong to the dent group (Berger 1962 , Dowswell et al. 1996 . Low levels of rootworm injury did not signiÞcantly affect grain yield even though reductions in photosynthetic rate and growth response patterns could be measured during vegetative growth stages (Urṍas-Ló pez et al. 2000) . This supports the idea (Sutter et al. 1990 , Gray et al. 1993 ) that maize can tolerate and compensate for some level of early season larval injury without sustaining signiÞcant yield loss.
In 1996 in experiment 1 and 1995 in experiment 2, the interaction of hybrid and rootworm injury significantly affected yield which suggests that biomass partitioning in response to rootworm injury and other stresses (e.g., environmental) may differ among hybrids. In experiment 1, with similar levels of injury across hybrids (Table 4) , grain yield of Pioneer 3346 and Purdue 612 was not signiÞcantly reduced while signiÞcant decreases in yield occurred in Pioneer 3377 (16.4%), Pioneer 3394 (22.7%), and Noble Bear 742 (14.2%). The difference in response of infested Pioneer 3346 and Pioneer 3394 yellow maize hybrids was especially apparent. Larval populations, adult emergence, and root damage ratings were very similar for the two hybrids in 1996 (Table 4) but infested Pioneer 3346 out-yielded infested 3394 by 20.3% (Table 4) . The yield response patterns to different levels of injury were very different among some hybrids in experiment 2 during 1995. For example, maximum yield reduction in Noble Bear 739 and 749 was similar (16.6 and 17.1%, respectively) but 739 exhibited a signiÞcant linear yield response and 749 a signiÞcant cubic yield response across infestation levels (Table  6 ). In contrast, Pioneer 3287 did not exhibit a negative or positive yield response with increasing larval injury even though maximum root injury ratings were similar to Noble Bear 739 (Table 6 ). Within the range of injury that occurred in experiment 2, yield response patterns included tolerance, overcompensation, compensation, and linear components of the generalized damage curve that has been outlined by Pedigo et al. (1986) . Data from this experiment complements those of Allee and Davis (1996) and Gray and Steffey (1998) who also reported different biomass partitioning and yield responses of yellow dent hybrids subjected to rootworm injury.
Establishing a western corn rootworm injuryÐyield relationship in maize has been difÞcult because the relationship is inßuenced by various biological, environmental, and agronomic factors (Mayo 1986) . It is generally accepted that some critical level of larval injury is needed before economic yield loss will occur but the injury level leading to signiÞcant yield loss has varied widely in published studies (e.g., Turpin et al. 1972 , Mayo 1986 , Sutter et al. 1990 , Davis 1994 , Gray and Steffey 1998 . It is also well documented that environmental interactions (especially moisture stress) with rootworm injury can inßuence grain yield (Chiang et al. 1980 , Spike and Tollefson 1991 , Riedell et al. 1992 , Roth et al. 1995 , Allee and Davis 1996 , Gray and Steffey 1998 . The interactive effects of hybrid and rootworm injury on yield (Allee and Davis 1996, Gray and Steffey 1998 , this study) suggest that maize hybrids may inherently differ in their ability to tolerate injury and partition biomass in response to injury and other stresses. This may be an important factor that has been underexploited by plant breeders who traditionally have focused on early season injury and the prevention of injury (e.g., search for antibiosis, development of transgenic plants). The complex interaction between hybrid, level of injury, and other stresses suggests that a common western corn rootworm injury-yield relationship may not exist within maize.
